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Edited by Richard CogdellAbstract The products of the isiAB operon are a chlorophyll
antenna protein (IsiA) and ﬂavodoxin (IsiB), which accumulate
in cyanobacteria grown under iron starvation conditions. Here
we show that strong light triggers de-repression of isiAB tran-
scription and leads to IsiA and ﬂavodoxin accumulation under
iron replete conditions. Genetic deletion of isiAB resulted in a
photosensitive phenotype, with accumulation of reactive oxygen
species and cell bleaching in high light, while the ﬂavodoxin-deﬁ-
cient isiB null mutant expressing isiA was phototolerant. We
conclude that IsiA protects cyanobacteria from photooxidative
stress. IsiA is the ﬁrst example of a chlorophyll antenna protein
outside the extended LHC family that is induced transiently by
high light and that fulﬁlls a photoprotective role.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Synechocystis1. Introduction
The dicistronic isiAB operon encoding a chlorophyll a-bind-
ing protein (IsiA or CP43 0) and ﬂavodoxin (IsiB) is de-re-
pressed in cyanobacteria under iron starvation conditions
[1,2]. IsiA is related to the so-called core complex antenna fam-
ily of chlorophyll-binding proteins which also comprises CP43
and CP47 in the core of PSII and a range of Prochlorophyte
chlorophyll a/b-binding proteins, the so-called Pcb proteins.
Interest in these chlorophyll-binding proteins has been boosted
by the observation that IsiA and the Pcb proteins are arranged
in ring structures in the periphery of PSI [3–5]. Additionally,
Pcb chlorophyll proteins have also been found in the peripheryAbbreviations: PFD, photon ﬂux density; PS, photosystem; ES, energy
storage; WT, wild type; ROS, reactive oxygen species; LHC, light
harvesting complex
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doi:10.1016/j.febslet.2005.03.021of PSII [6]. IsiB is an electron carrier that can substitute for the
iron-rich soluble protein ferredoxin [7].
Pigment storage, light harvesting for PSI and energy dissipa-
tion in PSII are proposed functions for IsiA under iron stress
[2–4,8–12]. However, we observed previously that the isiA gene
was induced in Synechocystis by salt stress under iron replete
conditions or by treatment with methylviologen [13], and we
concluded that isiA expression could be regulated by oxidative
stress. Subsequently, hydrogen peroxide was demonstrated to
induce isiA expression as well [14,15]. These observations sug-
gest that IsiA synthesis is not speciﬁc to iron stress and may
represent a more general acclimation response to redox imbal-
ance and derived oxidative stress. In the present study, we
examine the eﬀects of high light stress on wild-type Synecho-
cystis and on mutants lacking IsiA and IsiB together or IsiB
only.2. Materials and methods
2.1. Strains and growth conditions
Synechocystis PCC6803 (received from the Pasteur collection, Paris,
France) was grown photoautotrophically at 30 C in Allens medium in
continuous white light (15 lmol photons m2 s1) [16]. The isiA dele-
tion and isiB null mutants were grown in medium supplemented with
kanamycin (100 lg/ml). High light stress was induced by increasing
the photon ﬂux density (PFD) to 500–550 lmol photons m2 s1. Pres-
ence of iron in cells was determined by inductively coupled plasma
optical emission spectrometry (ICP). Cells were washed three times
with an iron-free medium and were collected in a pellet. The pellet
was dissolved in nitric acid and destructed by pressure.2.2. Mutant construction
Construction of the isiB null insertion mutant was described previ-
ously [17].
An isiA deletion mutant was constructed by interposon mutagenesis.
Brieﬂy, the isiAB encoding sequences were ampliﬁed from Synechocys-
tis chromosomal DNA using a primer-binding upstream of isiA (Isi-
ATTE5: TTGGGCGATCGCCAAAAATC) and a primer binding to
the end of isiB (Flav-re: CTAGGATTGCAAAATTGGTT). The
PCR fragment was cloned into pGEMT-T (Promega). From the
cyanobacterial DNA insert a BglII fragment was deleted, which
encompasses the 5 0 non-translated region and half of the coding se-
quence of isiA. The deleted fragment was replaced by the aphII gene
(conferring kanamycin resistance) which was obtained after restrictionation of European Biochemical Societies.
Fig. 1. IsiAB expression and IsiA and ﬂavodoxin accumulation in
Synechocystis cells in response to light stress under iron replete
conditions. (A) RT-PCR detection of isiA transcripts in cells grown in
low light (LL, 15 lmol photons m2 s1) or exposed to high light (HL,
500 lmol photons m2 s1) for 24 or 48 h. The rnpA gene (encoding a
subunit of the ribonuclease P) was used as internal control of equal
RNA loading. cDNA sizes: isiA, 517 bp; rnpA, 293 bp. (B) Western
blots of IsiA and ﬂavodoxin proteins in cells grown in LL or exposed
to HL for 24 or 48 h. Amounts of proteins loaded: IsiA blot, 40 and
50 lg membrane proteins; ﬂavodoxin blot, 30 lg soluble proteins.
Equal loading was conﬁrmed by Coomassie-blue-stained gels (not
shown). The apparent molecular mass of ﬂavodoxin and IsiA was
about 20 and 28 kDa, respectively.
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the aphII gene inserted in the same transcriptional direction as isiA was
selected and transferred into cells of the Synechocystis PCC6803 wild
type. Kanamycin-resistant clones were selected. Subsequent PCR anal-
ysis showed that the mutated gene replaced completely the wild-type
copy. Next to monitoring ongoing segregation by PCR, Southern blot-
ting was used ﬁnally to conﬁrm complete segregation.
2.3. Estimation of mRNA abundance by RT-PCR
Cells were treated by RNeasy Lysis (plus mercaptoethanol) buﬀer
(Qiagen). After phenol/chloroform extraction, total RNA was loaded
on RNeasy columns (Qiagen), followed by DNAse treatment
(RNAse-free DNAse, Qiagen). After elution and estimation of RNA
(at 260 nm), RT-PCR was carried out as in [18] with Superscript
one-step RT-PCR (Invitrogen). The following primers were used to
amplify internal fragments of the coding sequences of the investigated
genes: isiA gene: 5 0 primer – GCAAACCTATGGCAACGACACCG,
3 0 primer – CCGTTTGGGTGGTGGCGTCGTA; isiB gene: 5 0 primer
– AAGAAATGGGCGGCGATAGTGTGG, 3 0 primer –TCCCA-
TTTTTCACCGCTTTTG.
2.4. Western blot analyses
Soluble proteins and thylakoid membrane proteins were extracted as
described in [19]. Proteins were separated by SDS–PAGE in a 15%
polyacrylamide gel. Proteins were blotted onto a nitrocellulose mem-
brane. The IsiA and ﬂavodoxin polypeptides were detected with the
respective polyclonal antibodies at a dilution of 1/2000. The ﬂavodoxin
antibody was raised against the puriﬁed ﬂavodoxin from Synechocystis
PCC6803 obtained after overexpression of the gene in Escherichia coli
[17]. The IsiA antibody was received from G. O¨quist (Umea, Sweden)
and was described in [20]. Binding of the antibodies was monitored by
alkaline phosphatase (ﬂavodoxin) or enhanced chemiluminescence
(IsiA), as previously described [13,17].
2.5. Photoacoustic measurements
Cyanobacterial cells deposited on a nitrocellulose ﬁlter were placed
in a photoacoustic spectrometer that has been described [16], and pho-
tochemical energy storage (ES) was calculated as described elsewhere
[16]. ES corresponds to the fraction of absorbed light energy that is
not dissipated in the form of heat, i.e., which is stored into photochem-
ical products.
2.6. Quantiﬁcation of oxidative stress
Lipid peroxidation was monitored by in vivo thermoluminescence
measurements (from 25 to 160 C) at a heating rate of 5 C min1
using a custom-made apparatus that has been described elsewhere [21].
Reactive O2 species (ROS) were detected and quantiﬁed by measur-
ing the cell-permeant ﬂuorescent dye CM-H2DCFDA (chloromethyl
dichlorodihydroﬂuorescein diacetate, acetyl ester, Molecular Probes)
[22]. 1 ml of cell suspension (10 lg chl/ml) was incubated with the
probe at a ﬁnal concentration of 10 lM. The suspension was then illu-
minated with white light of PFD 500 lmol m2 s1. Light-induced
ROS formation was estimated by measuring the ﬂuorescence from
the suspension at 525 nm before and after illumination in a Perkin–El-
mer ﬂuorometer (LS50B) using an exciting light at 488 nm.Fig. 2. RT-PCR detection of isiA transcripts in WT Synechocystis cells
exposed (A) to high light (500 lmol m2 s1) for 2, 5, 8, 15 and 24 h or
(B) to diﬀerent PFDs (15, 150, 250 and 500 lmol m2 s1) for 24 h.
RNA loading was checked with the rnpA gene.3. Results
In iron-replete growth medium and at a PFD of 15 lmol
photon m2 s1, isiA transcripts appeared absent, but were
present when cells were transferred to high light (500 lmol
photon m2 s1) (Fig. 1A). Light-induced transcription of
the isiA gene was accompanied by an accumulation of the
isiA-encoded protein (IsiA), as shown by the Western blots
presented in Fig. 1B. Concerted expression of IsiB (ﬂavodoxin)
was also observed (Fig. 1B). Thus, the expression of the isiAB
operon is inducible by high light and the product of both
genes, IsiA and ﬂavodoxin, accumulate in Synechocystis cells
in response to high light stress. Importantly, these phenomenaoccurred at non-limiting iron levels, as conﬁrmed by the intra-
cellular iron content which was 0.425 and 0.490 lg Fe ml1
OD7301 in control and high light-stressed cells (48 h), respec-
tively. Fig. 2A shows that signiﬁcant expression of the isiA
gene was observed after 5 h in high light (500 lmol m2 s1).
Analysis of the light intensity dependency of isiA expression
(Fig. 2B) revealed that isiA was induced already at a moder-
ately elevated PFD of 150 lmol photons m2 s1 and in-
creased further at higher PFDs.
We designed an isiA deletion mutant that is aﬀected in the
expression of isiA and isiB genes (Fig. 3A). In the isiB-null mu-
tant, only the isiB gene is aﬀected. The isiA transcript amount
in this mutant under iron stress conditions was comparable to
that of iron-starved WT cells. When grown in low light, the
mutants did not diﬀer signiﬁcantly from WT on the basis of
their growth rate and pigmentation, as previously shown for
an isiA mutant of Synechococcus [8]. WT, isiAB and isiB mu-
tant cells grown in low light under iron replete conditions were
transferred to high light. As shown in Fig. 3B, this treatment
Fig. 3. Eﬀect of high light (HL) stress (550 lmol photons m2 s1 for
24 h) on cells of the WT, the isiA deletion mutant and the isiB null
mutant of Synechocystis. (A) Inhibition of isiA and/or isiB gene
expression in the isiA deletion mutant and the isiB null mutants in
comparison to WT cells. IsiA and isiB transcripts were estimated by
semi-quantitative RT-PCR in cells grown under conditions of iron
starvation. Iron starvation was induced by growing cells for 36 h in an
iron-free medium containing 50 lM dipyridyl under a PFD of
40 lmol m2 s1. The rnpA gene was used as internal control of equal
RNA loading (data not shown). (B) Cell suspensions after 24-h HL
treatment, showing pigment bleaching in the isiA mutant. The
experiment was repeated 5 times with similar results. (C) Photochem-
ical energy storage (ES, in % of absorbed light energy) measured with
the photoacoustic method in cells of the WT, the isiA deletion mutant
and the isiB null mutant exposed to a modulated light (570–635 nm) of
PFD 7.7 lmol m2 s1. White columns = before HL stress; black
columns = after HL stress. Data are mean values of four separate
experiments ± S.D.
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suspensions. Such a phenomenon was not observed in WT
and isiB null mutant cell suspensions, which remained green.
The photosynthetic competence was reduced by about 45%
in WT and isiB null mutant cells exposed to high light stress,
but by almost 100% in the isiA deletion mutant (Fig. 3C), indi-
cating a complete destruction of the photosynthetic function in
the latter mutant. The bleaching of isiA deletion mutant cells in
high light (Fig. 3B) was primarily due to a massive photode-
struction of the pigments, resulting in a strong decrease in
the pigment concentration per cell, and not to a dramatic de-
crease in the growth rate after transfer to high light since the
optical densities at 730 nm of the WT and isiA mutant cell sus-
pensions were not dramatically diﬀerent: 1.34 and 1.03, respec-
tively.
Lipid peroxidation is one of the major events occurring
during oxidative stress. This phenomenon can be quantiﬁedin situ by measuring the luminescence due to light-emitting
species produced during lipid peroxidation, such as singlet
oxygen and excited triplet carbonyls [21,23]. This weak bio-
photon emission is stimulated by increasing temperature and
is maximal in the temperature range 100–150 C [21], as
shown in Fig. 4A for Synechocystis cells treated with meth-
ylviologen in the light. Thermoluminescence measurements
were done on WT and isiA deletion mutant cells exposed
to high light stress (Fig. 4B). Thermo-induced luminescence
remained low in illuminated WT cells, indicating that lipid
peroxidation was prevented in this strain. The isiB null mu-
tant behaved similarly to WT (not shown). In contrast, isiA
deletion mutant cells exhibited a strong increase in their
luminescence at high temperature. Thus, IsiA-deﬁcient cells,
but not WT or isiB null mutant cells, suﬀered extensive lipid
peroxidation and oxidative cell destruction when exposed to
high light intensities.
We have also examined ROS production in the light using
CM-H2DCFDA, the oxidation of which yields a ﬂuorescent
adduct [22]. Cells were pre-treated with a white light of moder-
ately elevated intensity (200 lmol m2 s1) prior to the ROS
analysis in order to induce IsiA in WT cells (as checked by
Western blotting, data not shown) without serious photo-oxi-
dative damage. Cells were then exposed to 500 lmol photons
m2 s1 and the ﬂuorescence of the probe at 525 nm was mea-
sured after 20 or 45 min. Fluorescence increased in WT cells,
indicating signiﬁcant ROS photoproduction (Fig. 4C). How-
ever, the ROS level was 2.5 times higher in the isiA deletion
mutant relative to WT. This indicates that light-induced
ROS production (and the resulting oxidative stress) is stimu-
lated in the isiA deletion mutant. In contrast, the isiB null mu-
tant behaved like WT (data not shown).4. Discussion
A number of chlorophyll-binding proteins inducible by high
light stress, such as the early light-induced proteins and the
small HLIP proteins, have been reported in photosynthetic
organisms [24–26], including cyanobacteria [27]. Up to now,
all those pigment-binding stress proteins belonged to the multi-
genic family of light-harvesting chlorophyll–protein complexes
(LHC) of eukaryotic plants. The present study has shown that
another type of antenna protein, IsiA, is also induced by high
light and is involved in the protection of cyanobacterial cells
against photodestruction. It is clear from this study that isiA
should not be considered only as an iron-stress responsive
gene. The existence of multiple regulatory elements acting in
isiAB transcriptional control [28] is consistent with this conclu-
sion. Since the light-induced accumulation of IsiA took place
under iron-suﬃcient conditions, one has to think about a supe-
rior trigger that is a common result of iron stress, high light
stress and other stresses that may all be related to redox imbal-
ance and are noticed as damaging oxidative stress. The ﬁnding
that methylviologen and hydrogen peroxide can also induce
IsiA is in agreement with the idea that IsiA is regulated by oxi-
dative stress [13,14]. DNA-microarray analyses using iron-
stressed and hydrogen-peroxide-stressed cells of Synechocystis
PCC6803 revealed a high overlap in gene induction after both
treatments [15].
Several lines of evidence support the photoprotective role

















































Fig. 4. Detection of photooxidative stress in cells of the WT and the isiA deletion mutant of Synechocystis. (A) Typical high-temperature
thermoluminescence signal related to oxidative stress (lipid peroxidation) in WT cells treated for 0 or 48 h with methylviologen (+MV, 2 · 105 M) in
the light (70 lmol photon m2 s1). (B) Eﬀects of high light (HL) stress (550 lmol m2 s1) on the thermoluminescence signal from WT and isiA
deletion mutant cells. This experiment was repeated four times with similar results. (C) Light-induced production of ROS as measured by the
ﬂuorescence intensity of CM-H2DCFDA. Cells (10 lg Chl/ml) were incubated with the ﬂuorescent probe (10 lM ﬁnal concentration) and exposed to
HL (500 lmol m2 s1) for 20 or 45 min. Fluorescence at 525 nm was excited with a light beam at 488 nm. In this experiment, cells were pre-
acclimated for 24 h at 200 lmol photons m2 s1 light for IsiA induction and synthesis in WT. The isiA deletion mutant was pre-incubated in a
similar way. Data are mean values of four experiments ± S.D.
2292 M. Havaux et al. / FEBS Letters 579 (2005) 2289–2293light (Figs. 1 and 2). Secondly, the lack of IsiA in the isiA
deletion mutant led to a loss of viability, pigment bleaching
and a loss of photochemical activity in high light (Fig. 3).
Thirdly, lipid peroxidation and ROS production in high
light were much higher in the isiA deletion mutant relative
to WT and isiB null mutant cells (Fig. 4). Thus, our work
shows, for the ﬁrst time, that IsiA is crucial for the survival
of cyanobacteria in high light under replete iron condi-
tions. Previously, a less pronounced photoinhibition of oxy-
gen evolution was observed in mutant Synechococcus cells
that were created for overexpression of IsiA relative to the
wild type in normal iron conditions [20]. However, this
particular study was restricted only to a short-term treat-
ment (40 min) with an intense light in presence of lincomy-
cin.
The isiB null mutant was found to be as tolerant as WT
to high light stress and, consequently, we can exclude that
the photosensitivity of the isiA deletion mutant, which is
deﬁcient in both IsiA and IsiB (Fig. 3A), was due to the
lack of IsiB (ﬂavodoxin). Moreover, the function of ﬂavo-
doxin in electron transfer is well established: it works per-
fectly well in cell-free systems without chlorophyll-
containing constituents. Therefore, it is highly unlikely that
the soluble enzyme IsiB is functionally dependent on the
membrane-bound IsiA, a chlorophyll-binding protein.
Although IsiA is homologous to a PSII protein, it was
found complexed with PSI in iron-stressed cells [3,4], with
the ring of IsiA encircling PSI increasing the light absorp-
tion cross section of PSI [9,10]. However, a recent electron
microscopy study has shown that IsiA can also form super-
complexes without PSI [5], which can diﬀuse within the thy-lakoid membrane [29]. It is possible that such PSI-free IsiA
complexes could constitute a storage device for the chloro-
phyll molecules released from PSI during iron stress or high
light stress, thus avoiding the phototoxicity of free chloro-
phyll. Alternatively, the free IsiA complexes could shield
the photosystems and hence decrease excitation pressure in
PSII [29]. Iron starvation of cyanobacteria was recently
shown to promote non-photochemical quenching of chloro-
phyll excitation which was interpreted as the result of IsiA
accumulation [11,12]. It is also possible that the primary reg-
ulator of isiA induction is the redox state of the PQ pool
which will become more reduced in high light or in condi-
tions when the PSI level drops relative to PSII as a conse-
quence of low iron. The formation of the extra antenna
for PSI under these conditions [3,4] may be a response to
decrease the reduction level of the PQ pool and maintain
electron ﬂow under non-photoinhibitory conditions. Further
studies will have to determine the exact mechanism by which
IsiA could exert its photoprotective action.
The LHCs in green plants can form supramolecular com-
plexes with and without the photosystems [30], they can dif-
fuse within the thylakoid membrane [31], they play a dual
function of energy quenching and energy transfer [32], and
LHC-type stress proteins protect plants from photooxidative
stress, presumably through a chlorophyll scavenging activity
[33]. Obviously, those features of the eukaryotic LHC pro-
teins are also exhibited by IsiA [5,9–12,29, this study], there-
fore the latter protein could be viewed as another
cyanobacterial surrogate, beside the HLIPs, for the chloro-
phyll a/b-binding protein family of vascular plants and green
algae.
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